Abstract-Current methods of determining high intensity focused ultrasound (HIFU) fields in tissue rely on extrapolation of measurements in water assuming linear wave propagation both in water and in tissue. Neglecting nonlinear propagation effects in the derating process can result in significant errors. A new method based on scaling the source amplitude is introduced to estimate focal parameters of nonlinear HIFU fields in tissue. Focal values of acoustic field parameters in absorptive tissue are obtained from a numerical solution to a KZK type equation and are compared to those simulated for propagation in water. Focal wave forms, peak pressures, and intensities are calculated over a wide range of source outputs and linear focusing gains. Our modeling indicates, that for the high gain sources which are typically used in therapeutic medical applications, the focal field parameters derated with our method agree well with numerical simulation in tis sue. The feasibility of the derating method is demonstrated experimentally in excised bovine liver tissue.
INTRODUCTION
In both diagnostic and therapeutic applications of medical ultrasound, it is necessary to know the values of acoustic field parameters in situ, i.e. in the tissue region exposed to ultrasound. These values are esti mated using ultrasound measurements performed in water in a process called derating [1] . The measure ments in water are usually performed at low output levels and are then linearly scaled to higher source out puts that are used for medical procedures. To obtain values of in situ acoustic parameters, the measure ment in water is multiplied by an exponential term to account for losses that occur in tissue over the prop agation path [1, 2] . For example, the ultrasound intensity in tissue, , at the depth L is derated (esti mated) as ,
where is the wave intensity in water at the same location linearly scaled from the low output measure ments, and α is the attenuation coefficient in tissue at the source frequency.
Then, the magnitudes of the pressure amplitude p t and heating rate H t in tissue are obtained from the intensity estimate using the relations: ,
where the subscript t denotes tissue. Here the density, , and the sound speed, , are assumed to be the same in water and in tissue. The attenuation of tissue is usu ally chosen to have a value of 0.3-0.7 dB cm -1 MHz -1 . Various indices are formulated based on the acoustic field magnitudes in tissue given by Eqs. (1), (2). The main indices used in safety standards of diagnostic ultrasound are the mechanical index (MI) and the thermal index (TI) [1] . The MI is proportional to the peak negative pressure and is related to the likelihood of adverse bioeffects resulting from acoustic cavita tion. The TI is related to the likelihood of inducing significant heating in tissue. In therapeutic ultra sound, much higher intensities are applied and differ ent indices to characterize the efficacy of the proce dure have to be used.
The primary problem encountered when estimat ing acoustic fields in tissue using the derating approach described by Eqs. (1), (2) is in choosing the proper value for the attenuation coefficient. Attenua tion values vary significantly by tissue type and are not precisely known under clinical conditions [1] . Another problem arises when high amplitude ultra sound waves are applied. In Eqs. (1), (2), the propaga tion of ultrasound both in water and in tissue is assumed to be linear. However, even in diagnostic applications, high amplitude pulses are used in Dop pler or harmonic imaging modes and propagation is highly nonlinear. In therapeutic applications of high intensity focused ultrasound, the in situ pressure levels
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can be two orders of magnitude higher than in diag nostic applications, so nonlinear propagation effects are critical [2] [3] [4] .
If nonlinear propagation effects are significant, there are several sources of error included in the linear derating method based on Eqs. (1), (2). First, low amplitude measurements of acoustic fields in water cannot be linearly extrapolated to high amplitudes where nonlinear effects are important [3, 4] . This step can be improved by performing measurements in water over the entire range of operational outputs, which is now a regular procedure in calibrating both diagnostic and therapeutic systems. However, even nonlinear measurements in water cannot be directly extrapolated to tissue by simply accounting for linear attenuation in Eq. (1), which contributes to additional errors. Nonlinear distortion of the waveform accumu lates differently in tissue and in water due to higher attenuation and thus less wave amplitude over the propagation path in tissue [5, 6] . The attenuation of nonlinearly distorted waves in tissue is also higher than predicted by Eq. (1) because of the generation of higher harmonics that are absorbed more readily than the fundamental frequency. Lastly, the main acoustic quantities in nonlinear fields, such as intensity, peak pressures, and heating rates, are not related by the simple formulae, Eq. (2). In focused ultrasound beams, the combined effects of nonlinearity and dif fraction result in asymmetric waveforms, with higher peak positive and lower peak negative pressures than predicted with linear assumptions. The wave intensity consists of contributions from all the harmonics and is not a quadratic function of the pressure amplitude at the fundamental frequency. The heating rate is no longer proportional to intensity because of the contri bution of additional absorption of higher frequency components. More acoustic quantities in addition to intensity, and, ideally, the nonlinearly distorted wave form should therefore be derated [7] . The use of the derating approach, Eq. (1), based on the extrapolation from either low or high amplitude measurements in water may result in both underestimation and overes timation of acoustic quantities in tissue at the focus of a medical device [8, 9] . Several methods have been proposed for includ ing acoustic nonlinearity in the derating process [5, 10] . In contrast to the standard derating factor for a harmonic wave, Eq. (1), Schafer proposed a broad band attenuation factor, based on multiplication of the spectrum of a measured waveform in water by the attenuation and phase velocity disper sion of typical tissue values at each frequency:
[10]. This broadband attenuation multiplication is more accurate than a sin gle frequency derating but it is still a local correction that does not account for the interplay of nonlinearity and attenuation over the propagation path.
Other methods have also been proposed to better understand basic phenomena of ultrasound focusing in water and absorptive tissue and to introduce local nonlinear corrections to high amplitude water mea surements. Christopher [6] used numerical modeling to demonstrate the difference between nonlinear propagation in water and in tissue and corresponding errors in derating for typical diagnostic sources and tissue types. A different approach to compensate out puts was considered by Szabo [5] , who observed that if the source output for measurements in water was low ered to match the peak negative pressure in the wave forms measured behind tissue mimicking phantoms, then the peak positive pressure and time average inten sity of the measured waveforms were in good agree ment as well. The correspondence obtained using this method was better than using the broadband attenua tion factor. Unfortunately, it was indicated that the compensation of outputs was nonlinear itself and the correct choice of source pressure for matching would not be generally available. At the present time, there is no accurate analytic approach to predict high ampli tude focal fields in tissue based on measurements in water.
The major difficulty encountered when derating nonlinear fields in diagnostic ultrasound is that diag nostic transducers have low focusing gains of 3-8 and the pressure level in the focal region is not much higher than pressures over the whole propagation path. Nonlinear effects therefore interplay with absorption all the way to the focus. In HIFU, nonlinear effects are much stronger than in diagnostic ultrasound, but the geometry of high gain therapeutic sources can be used to simplify the problem.
In this work, a new derating method is proposed to calculate focal values of nonlinear HIFU fields in bio logical tissue using the results obtained in water. The method relies on scaling the source pressure ampli tudes [5] , rather than the focal pressures or intensities as is done in the linear derating method, Eqs. (1), (2). To validate the proposed approach, nonlinear HIFU fields are simulated in water and in tissue over a wide range of source pressures and linear focusing gains. Focal waveforms and spectra, peak positive and nega tive pressures, intensities, and heating rates are calcu lated in water, then the derating procedure is applied, and the values of acoustic quantities obtained at the focus are compared with the results of direct modeling in tissue. The method is further tested experimentally by comparing focal waveforms measured behind excised bovine liver samples with those derated from measurements in water.
DERATING METHOD
The method relies on the fact that transducers used for HIFU therapy typically have focusing gains of 20-50; therefore, the pressure amplitude in the main focal lobe is significantly higher than on the way to the focus
